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An experimental study on the performance of self-excited energy harvesters with non-circular tip 
body shapes has been performed. The two tip body shapes analyzed correspond to a half cylinder 
and a square cross section. Experiments are carried out in the wind tunnel to record the voltage 
output of the harvesters at different free stream velocities. The presence of the aeroelastic 
galloping instability was detected by the behavior of the transversal tip displacement of the 
harvester as well as the coupling of the motion and shedding frequency from the bluff body. The 
effect of tip mass, free stream turbulence, tip body shape, and localized stiffness is also studied. 
The parameter used to evaluate the performance of the energy harvester is the average power 
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Over the past decades, wireless sensing systems have been widely used in many engineering 
applications. Due to the continuously reduced power requirement of wireless sensing nodes, 
harvesting ambient energy to implement self-powered wireless sensor networks has attracted 
growing research interest. A continuous source of electrical energy to replace or supplement 
existing powering methods without periodic battery recharging is highly desirable. One method 
to supply the required power for small electronic devices is by harvesting the energy available in 
its operational environment. The emerging field of energy harvesting focuses on finding and 
improving methods of generating sufficient energy for such small electronic devices. Since 
energy harvesting is a multi-disciplinary topic, research in this area is conducted in many fields 
such as structural mechanics, material science, chemistry, electronics, computer science, and 
more recently, fluid mechanics. [1] 
With a target to extract power from ambient wind flows or forced flows within ducts in HVAC 
systems, piezoelectric energy harvesting has focused on converting aeroelastic energy into 
electricity by exploring the aeroelastic instability phenomenon that happens to a bluff body via 
fluid-structure-interaction and which results in cycling oscillations. [2]  
Structures in contact with fluid flow, whether natural or man-made, are inevitably subject to 
flow-induced forces and flow-induced vibrations. Under certain conditions the vibration may be 
self-excited, and it is usually referred to as an instability. These instabilities and, more 




Time-dependent mechanical forces in a structure immersed in a flow can be generated either by 
velocity unsteadiness upstream in the flow, or by the mutual interaction of the structure and the 
fluid in an otherwise steady and uniform flow. As a result, time dependent mechanical strains are 
developed on the body of the structure. Fluctuation of the strain can be converted in electrical 
power by means of the direct piezoelectric effect. The harvested electrical energy could be used 
for powering small electronic devices such as sensors and wireless transmitters to measure the 
flow rate, pressure, or temperature of the fluid. Such a self-charging capability makes it possible 
to develop untethered sensor nodes that do not require any wired connection or battery 
recharging and replacement. This type of technology could also significantly reduce the 
installation and maintenance costs of a metering network, which may include tens to hundreds of 
such sensor nodes in a typical HVAC system or process plants. 
One of the methods to create these aforementioned oscillatory forces needed to drive a 
piezoelectric harvester in a steady and uniform flow is by the utilization of the forces created on 
the bluff body itself. At a certain flow speed, vortices start to form on the surfaces of a bluff 
body. As the vortices shed from the body, they travel downstream in the wake and form a so-
called “Karman Vortex Street”. This vortex shedding causes an asymmetry in pressure 
distribution on the surface of the bluff body, which results in time dependent forces acting on the 
body. If the bluff body is attached to the tip of an elastic beam, these flow induced forces will 
cause oscillatory deflection in the generator. Such a configuration can self-start and sustain the 
necessary oscillations under uniform and steady flow conditions. [4]  
The previously described self-excited energy harvesters have been explored in devices based on 
aeroelastic instabilities such as galloping, vortex induced vibration, and flutter. In this study, the 
performance of self-excited energy harvesters with tip bodies of non-circular cross section is 
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analyzed. A structure with noncircular cross section experiences a fluid force that changes with 
orientation to the flow. As the structure vibrates, its orientation changes and the fluid force 
oscillate. If the oscillating fluid force tends to increase vibration, the structure becomes 
aerodynamically unstable. [5] 
Vortex shedding and aerodynamic galloping can cause large amplitude vibrations in an elastic 
structure exposed to a steady flow. If the structure periodically sheds vortices at a frequency near 
a harmonic of the natural frequency of the structure, vortex shedding may couple with structural 
vibration and generate a synchronous oscillating force on the structure. If the vortex shedding 
frequency is much greater than the natural frequency of the structure the vortex shedding does 
not couple with structural oscillations, however, the structure may respond to aerodynamic forces 
generated by an oscillating relative flow field. If the structure vibrates slightly then the flow 
relative to the structure will oscillate. The aerodynamic forces produced by the oscillating 
relative flow can raise the amplitude of vibration to increase until limited by nonlinearities in the 
system. These flow induced vibrations are called galloping or flutter. [6] 
The most important parameter which influenced galloping, assuming it as a one-degree-of-
freedom oscillator subjected to aerodynamic forces, are the geometric shape, the angle of 
incidence, the speed of flow, the density and viscosity of the fluid, the turbulence intensity of the 
flow, and the system’s mechanical properties (mass, stiffness, and damping). [7]  
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2. BACKGROUND AND PREVIOUS WORK 
There has been a significant amount of research surrounding the application of flow induced 
vibrations for energy generation using piezoelectric materials. Previous studies carried out in the 
Experimental Fluid and Aerodynamics laboratory at The City College of New York has been 
done using circular cross section bodies. Akaydin et al. [8] studied a flexible piezoelectric 
(PVDF) beam in the wake of a circular cylinder. In this configuration, the vortices shed from the 
cylinder created a pressure difference across the beam in alternating direction. In this case the 
maximum power was harvested when the vortex shedding frequency matched the first natural 
frequency of the beam. It was concluded that the major portion of the losses took place in 
aeroelastic conversion, i.e. the creation of oscillatory motion of the beam from uniform fluid 
flow. In a later study, Akaydin et al. [4] attached the bluff body (cylinder) to the tip an elastic 
beam and studied the oscillatory deflection of the beam due to the vortex-induced forces. It was 
seen that the attachment of a vibration-inducing body to the tip of the harvester beam resulted in 
a tremendous increase in the aeroelastic efficiency of the harvester and the flow velocity required 
for maximum power was also greatly reduced.  
Wind energy harvesters employing vortex-induced vibrations are frequently investigated. 
However the main constrain of such harvesters is the narrow wind speed range for effective 
power generation. For this reason the performance of harvesters based different types of 
aeroelastic instabilities have taken importance in recent studies. Kwon [9] studied a T-shaped 
piezoelectric cantilever with a working principle based on aeroelastic flutter. The cut-in wind 
speed was found to be 4.0 m/s, which is the minimum wind speed for delivering useful power. 
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The tip displacement gradually increases according to wind speed after flutter on set, and 
converges to a certain value without diverging because of the shunt damping effect of 
piezoelectric power generation. The device was found to provide continuous peak electrical 
power output of 4.0 mW. Li et al. [10] proposed and tested a bioinspired piezo-leaf architecture 
which converts wind energy into electrical energy by wind induced fluttering motion. A dangling 
cross-flow stalk arrangement was explored and it was found that amplifies the vibration by an 
order of magnitude in comparison with conventional fluttering devices that are arranged in 
parallel with the flow direction. Experimental test on the device demonstrated a peak output 
power of approximately 600 μW from a single leaf. 
Translational galloping is another aeroelastic instability phenomenon giving rise to transverse 
oscillations normal to the wind flow direction in structures with weak damping, when the wind 
speed exceed a critical value. It is a better choice to obtain structural vibrations for energy 
harvesting purposes compared to the vortex induced vibrations and flutter, due to the advantages 
of large oscillation amplitude and the ability of oscillating in an infinite range of wind velocities. 
[11] 
 Barrero-Gil et al. [12] theoretically analyzed the potential use of transverse galloping to harvest 
energy using a Single Degree Of Freedom (SDOF) model. No specific design of harvester was 
proposed. Ewere et al. [13] developed a aero-electro-mechanical model to analyze a galloping 
piezoelectric energy harvester. Analytical approximate solution approach is employed to solve 
these coupled nonlinear equations using the Krylov-Bogoliubov method.  The performance of 
galloping piezoelectric energy harvesters with different tip bluff bodies and electrical loads was 
characterized. Experimental data was also used to validate the analytical predictions and they 
were in good agreement. It was found that the galloping piezoelectric energy harvester having 
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square section shows better performance compared to the one with rectangular section. Alonso et 
al [14] conducted wind tunnel experiments with isosceles triangular cross-section bodies to study 
the hysteresis phenomena in transverse galloping. It was demonstrated that the existence of 
inflection points in the curve giving the dependence with the angle of attack of the aerodynamic 
coefficient normal to the incident flow.  The relationship between these inflection points and 
hysteresis was analyzed and concluded that hysteresis takes place at the angles of attack where 
there are inflection points in the lift coefficient curve, provided that the body is prone to gallop at 
these angles of attack. Ali et al. [15] studied a cantilever beam carrying a tip mass in the form of 
a lightweight box having a square, triangular, and semicircular cross-section to undergo 
galloping oscillations. Electrical power was extracted from the self-excited flexural vibration of 
the beam through an electromagnetic generator consisting of a permanent magnet that is attached 
to the beam oscillating past a stationary coil. Emphasis was placed on the lift and drag 
coefficients, together with their variation with the angle of attack. The resulting predictions of 
the lift and drag forces were implemented in an electro-aeroelastic model to predict the output 
voltage and power. The results were supported by experimental measurements. In was concluded 
that of the geometries studied, the semicircular cross-section (D-shape) was found to yield the 
greatest galloping behavior and hence the maximum power. 
Akaydin et al. [16] also studied the performance of harvesters with different tip body shapes, 
specifically a half cylinder and a flat plate (I-section). The performance of these bodies was 
compared with the performance of the circular cylinder. At high velocities, the D-section 
harvester’s tip deflection grew larger with increasing flow speed while its vibration frequency 
remained fixed. The matching of the vortex shedding frequency with the resonant frequency of 
the structure show that the harvester was in the “lock-in” region, which is commonly observed in 
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galloping instability. The I-section did not exhibit a pronounced resonance as its vibration 
amplitude increased steadily through the velocity range. It was also found that at the highest flow 
speed, the oscillation amplitudes of the D-shape and I-section harvesters exceeded 35% of the 
beam’s length. When the tip deflections are this large, the contributions of the drag force and the 
aerodynamic moment to the deflection of the beam cannot be neglected. In addition, the 
geometric (and possibly material) nonlinearities in the structure of the beam become significant. 
It was concluded that from a practical point of view, the D-section harvester outperformed the 
other shapes tested, having a total efficiency of approximately 80%. 
From these studies, it can be seen that piezoelectric energy harvesting from piezoelectric 
materials under different types of aeroelastic instabilities have been analyzed. Many different 
parameters play essential roles in the performance of the energy harvesters. As previously stated, 
this study will investigate the performance of two different bluff bodies of noon-circular cross 
section under galloping instability. Wind tunnel experiments will reveal how the energy 
generation from these bodies changes by varying parameter such tip mass, free stream velocity, 






3. EXPERIMENTAL SET UP 
The objective of this research is to analyze the effect of galloping instability on the performance 
of a self-excited energy harvester with tip bodies of non-circular cross section shapes. The 
performance of the energy harvesters is experimentally tested through wind tunnel experiments 
under different conditions. The voltage output is recorded at each experimental case by using a 
digital oscilloscope (Tektronix model DP2024) with high impedance (𝑅0 = 10 MΩ). The 
performance of the harvester is evaluated by computing the average power generated under the 
specified conditions of the type of experiment performed.  
 
3.1 Self-excited energy harvesters  
The self-excited energy harvesters are created following the specifications used based on the 
experience gained on previous work performed in the Experimental Fluid Mechanics and 
Aerodynamics Lab at The City College of New York [4].  As it was previously mentioned, the 
configuration consists of an aluminum cantilevered beam with a bluff body attached to its tip 
(free end) while the other end is clamped.  The flow direction is from the free end to the clamped 
end. The beam has a length 𝑙𝑠, width 𝑏𝑠 and thickness ℎ𝑠.  
Half cylinder (D-shape) and square cross section bluff body shapes are analyzed in this study as 













































The energy harvesters are created using a thin cardboard frame covered with paper so that they 
are strong enough to avoid deformation due to the aerodynamic forcing while keeping their 
weight as low as possible. Both ends of the bluff body are covered with paper to avoid flow 
inside the body. The beam and the bluff body are glued using epoxy and making sure that they 
are perpendicular.  
The finalized square shape energy harvesters mounted in the wind tunnel is shown in figure 2. 
 
Figure 2. Square shape cross section tip body mounted in the wind tunnel 
 
The width 𝑏𝑐 of the half cylinder and square bodies is the same for comparative purposes. The 
length of the beam and the bluff bodies are chosen so that the stiffness of the beam is low enough 
to lock-in the flow induced vibrations [4]. 
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The direct piezoelectric effect is the generation of electric charge by a material under an applied 
strain. However the applied strain must be time-dependent to generate an electric current. The 
current generated is proportional to the rate of change of strain and the piezoelectric coupling 
coefficient [4]. Based upon this, the piezoelectric patches need to be bonded near the clamped 
end of the beam which is the region where the higher strain is expected. However, since the 
aerodynamic stability governing the motion of the beam is galloping, high amplitude of vibration 
at the tip and therefore high strain at the base are expected. For this reason, it is required to use a 
flexible piezoelectric patch that can withstand high deflection without breakage.  
Two common engineering materials with strong piezoelectric properties are PZT (lead zirconate 
titanate) and PVDF (polyvinylidene fluoride). While PVDF is more flexible than PZT, it has a 
smaller piezoelectric coupling coefficient (𝑑31 = 190 pm V
-1 for PZT and 𝑑31 = 23 pm V
-1 for 
PVDF). Based on this, the piezoelectric patch chosen in this study for the design of the energy 
harvesters is PVDF since it can allow higher applied strains that may result in an increased 
voltage and power output. 
A single PVDF patch (Measurement Specialties, Inc., DT2-028K/L w/rivets) is bonded near the 
base of the beam forming a unimorph bender as shown in figure 3. The patch has a length 𝑙𝑝, 
thickness ℎ𝑝 and width 𝑏𝑝. A small offset between the piezoelectric elements and the clamp was 
provided to prevent the piezoelectric elements from touching the jaws of the clamp. Pertinent 





Figure 3. PVDF attached to the base of the beam. 
 
 
Dimensions and properties PVDF Beam Bluff Body 
Length, lp, ls, lc [mm] 61 265 200 
Width, bp, bs, bc [mm] 12 32.5 43 
Thickness, hp, hs [mm] 0.0428 0.635 - 
Mass, mp, ms, mc [gr] 2.1 16.2 13.6 
Young's modulus, Yp, Ys [Gpa] 3 73.1 
 
Piezoelectric constant d31 [pm V
-1
] 23 - - 
Capacitance d31 (measured) [nF] 2.473 - - 
 




3.2 Wind tunnel description 
This wind tunnel available at the Experimental Fluid Mechanics and Aerodynamics Laboratory 
ay The City College of New York is an open ended suction type with 1.2 by 1.2 meters cross 
section and 8.4 meters long working area. It is powered by a 20 HP frequency controlled AC 
motor, which drives an axial fan with 7 blades at a maximum rotational speed of 1750 rpm. At 
this velocity it is capable of delivering 32000 ft
3
/min of air at a maximum speed of 11 m/s in the 
working section. The flow velocity is controlled by varying the frequency of the drive from 0 to 
100% in 5% increments. The motor and fan assembly are housed in a sound absorbing diffuser 
allowing low noise operation of the facility and low levels of acoustical noise transmitted in the 
working section. This assembly is also mounted on a frame that rest on eight springs that isolate 
it from the working section and minimize vibration. One of the side walls of the wind tunnel is 









4. EXPERIMENTAL ANALYSIS AND DISCUSSION 
4.1 Ring-down test 
The first harvester tested is the half cylinder cross section bluff body. The mass of this body, 
which represents the tip mass of the system is 13.6 grams. The first step before testing the energy 
harvester in the wind tunnel is to perform a ring-down test to compute the natural frequency and 
damping coefficient of the system. This test consists of the clamped beam subjected to a small 
initial tip deflection and then released to allow a free vibration.  The voltage output signal is 
recorded and shown in figure 4. 
 
Figure 4. Ring-down test results 
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The natural frequency of the system can be computed from the voltage signal by computing the 
spectrum of the signal using Matlab. The resulting voltage spectrum is shown in figure 5, where 
the fisrt peak corresponds to the frequency of the signal which at the same time represents the 
natural frequency of the system. From this figure we have that the natural frequency of this 
energy harvester is 3.099 Hz. 
 
 







4.2 Piezoelectric coupling constant 
An important factor that has to be considered when using piezoelctric materials is the 
piezoelectric coupling coefficient (𝑑31), which represents the ratio of induced electric charge to 
mechanical stress. When the piezoelectric patch is attached to the beam, its piezoelectric 
coupling coefficient is altered by the quality of the bonding. For this reason, the value of this 
coefficient will be computed using the analytical modelling of the system and the experimental 
results from the ring-down test. 
 
4.2.1 Digital Image Correlation (DIC) 
The deformation history of the generator under the ring down test previously shown was 
captured at 1000 frames per second using a Phantom V710 ultra-high speed camera with one 
megapixel resolution. The video recorded is then processed in Matlab by using Digital Image 
Correlation (DIC), which is an optical, non-contact method to measure full-field displacements 
and strains. The Matlab code used analyze a set of images over a given frequency to find the 
peak positions of the tip mass and compute the tip displacement at these locations.  








Figure 6. Sequence of motion of the energy harvester captured with the ultra-high speed camera 
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The data processed using DIC corresponds to the signal after the 10th cycle to avoid the 
influence of the initial force applied in the free vibration. The tip peak position obtained with this 
method is shown in figure 7 
. 
 
Figure 7. Peak position of the tip calculated using DIC. 
 
 
In this figure we can see that as expected, the tip displacement decreases over time. The motion 
of the energy harvester under the ring-down test is described by the equation of free vibration 
with damping as follows 
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𝑥(𝑡) = 𝑋𝑒−𝜉𝜔𝑛𝑡 cos (√1 − 𝜉2𝜔𝑛𝑡) 
Where 𝜔𝑛 is the angular frequency with the units of radians per second and is calculated as 
follows 
𝜔𝑛 = 2𝜋𝐹𝑛 
Where 𝐹𝑛 is the natural frequency obtained from the ring-down test,  𝜉 is the damping ratio of the 
system which is obtained by picking pairs of peaks of the tip displacement from figure 5 and 








The damping ratio of the system is computed to be 1.22%. 
Based on this peak position obtained using DIC and the equation of the free vibration with 




Figure 8. Tip displacement of the energy harvester 
 
4.2.2 Analytical model 
The vibration response relative to the base of the unimorph beam can be represented as an 
absolutely and uniformly convergent series of the eigenfunctions [17] as  
𝑤(𝑥, 𝑡) = ∑ 𝜑𝑖(𝑥)𝜂𝑖(𝑡)
𝑛
𝑖=1
                                                           (1) 
Since the beam vibrates at the first mode, equation (1) becomes 
𝑤(𝑥, 𝑡) = 𝜑1(𝑥)𝜂1(𝑡)                                                              (2) 
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Where the eigenfunctions denoted by 𝜑1(𝑥) are the mass normalized eigenfunctions of the 













𝑥)]                        (3) 
Where 𝐿 is the length of the beam and 𝜁𝑟 is obtained from 
𝜁𝑟 =








                                    (4) 
𝑚𝑏 is the mass of the beam, 𝑚𝑡 is the tip mass, and 𝜆1 is the eigenvalue of the system for the 





                                                               (5) 
Where 𝑌𝑏 is the Young’s modulus of the beam and 𝐼 is the moment of inertia. 
The strain along the beam can be expressed as 






𝜂1(𝑡)                                         (6) 
Where 𝑧 is the distance from the neutral axis along the thickness of the beam. For this case, 
assume the strain is measured at the top surface of the beam (𝑧 = ℎ𝑏/2) where ℎ𝑏 is the beam 









                                                          (7) 
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Where 𝑥𝑠 is the location in the beam where the strain is measured. Replacing (7) in (2) and 
considering that the tip displacement is the one of interest we have 








                                              (8) 
Since in the experiments no strain gages where use, it needs to be solve based on the tip 
displacement which is computed from equation of motion using the data from the DIC analysis.  
Since the only source of mechanical strain is assumed to be the axial strain due to bending, the 
tensorial representation of the relevant piezoelectric constitutive relation that gives the vector of 
electric displacements can be reduced to the following scalar equation 
𝐷3 = 𝑒31̅̅ ̅̅ 𝑆1
?̃? + 𝜀33
−𝑆𝐸3                                                             (9) 
Where 𝐷3 is the electric displacement component, 𝜀33
−𝑆 is the permittivity component at constant 
strain with the plane-stress assumption, 𝐸3 = −𝑣(𝑡)/ℎ?̃? is the electric field and 𝑒31̅̅ ̅̅ = 𝑌𝑝𝑑31 
where 𝑌𝑝 is the piezoelectric patch Young’s modulus and 𝑑31 is the piezoelectric coupling 
constant. 
 The electric current output can be obtained from the Gauss law as follows 
𝑑
𝑑𝑡





                                                      (10) 
Where 𝐷 is the vector of electric displacement in the piezoceramic layer, 𝑛 is the unit outward 
normal and the integration is performed over the electrode area 𝐴 and 𝑅1 is the circuit resistance. 
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                               (11) 
Where 𝑏, ℎ?̃? and 𝐿 are the width, thickness, and the length of the piezoceramic layer 
respectively. ℎ?̃?𝑐 is the distance between the neutral axis and the center of the piezoelectric patch 




                                                       (12) 
Where 𝑛 is the ratio of Young’s moduli 𝑛 = 𝑌𝑏/𝑌𝑝.  












                                        (13) 
Where 𝑘𝑟 is the modal coupling term in the electrical circuit equation 
𝑘𝑟 = −𝑒31̅̅ ̅̅ ℎ?̃?𝑐𝑏 ∫
𝑑2𝜑1(𝑥)
𝑑𝑥2









               (14) 


























             (15) 
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                 (16) 
Where 𝐶𝑝 = 𝜀33
−𝑆𝑏𝐿/ℎ?̃? is the internal capacitance of the piezoelectric patch and can be measured 
using an electric multimeter (table 1).  
Now that the ordinary differential equation has been obtained, all the parameters needed are 
known so that the equation can be solved to have the theoretical voltage as a function of time as 
follows 
𝑣(𝑡) = 𝑘 [
𝑒−𝑝𝑡[(𝑎𝑝 − 𝑝2 − 𝑔2)𝑐𝑜𝑠(𝑔𝑡) + (𝑎𝑔)sin (𝑔𝑡)]
𝑎2 − 2𝑎𝑑 + 𝑝2 + 𝑔2

















𝑔 = √1 − 𝜉2𝜔𝑛 
And 𝑐 is the constant of integration which can be neglected in this case since it only moves the 
signal up or down without affecting its magnitude.  
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The solution of this equation is plotted together with the results obtained from the ring-down test 
and is shown in figure 9.  
 
Figure 9. Theoretical and Experimental voltage for free vibration test 
 
As expected, the theoretical voltage is higher than the experiment. This is due to the piezoelectric 
coupling coefficient which is affected by the quality of the bonding. Based on these results, the 
difference between peaks of the theoretical and experimental signal is calculated in order to 
compute the actual value of the piezoelectric coupling coefficient of the system. The value 
obtained is 




The difference between this values is 31.45%, which means that the piezoelectric patch attached 
to the beam can generate 68.55% of the energy that the same perfectly-bonded piezoelectric 
patch would generate under the same strain conditions. 
 
4.3 Velocity Measurement 
Free stream flow velocity plays an important role in the characteristics of the vortex shedding 
that causes the vibrational motion that excites the piezoelectric material and hence generates 
energy. For this reason, the free stream velocity needs to be known at every stage of the 
experimental process. Although this velocity is precisely controlled by a variable frequency 
driver in the wind tunnel motor, it is measured in the location where the energy harvester is to be 
placed in the working section of the wind tunnel. The objective of this initial measurement is to 
validate the expected velocity according to the variable frequency driver. 
The measurement of the local velocity is performed using a Pitot tube, which consist of a static 
tube and an impact tube. The impact tube is located in the same location in the wind tunnel 
where the harvesters will be placed. The opening of the static tube is perpendicular to the 
direction of the flow and measures the stagnation or total pressure (static and dynamic pressure). 
The static tube is located in the floor with its opening parallel to the flow direction and measures 
the static pressure. The two tubes are connected in the other end to a pressure transducer that 
measures the pressure difference, which represents to the dynamic pressure. 
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The pressure transducer (MKS Baratron) needs to be calibrated first in order to compute the 
pressure from the voltage signal obtained out of the transducer. For this purpose, the inclined 
manometer for the pipe flow experiment from the Aero-thermal Fluids Laboratory was used. 
Since this manometer is usually replenished with a fluid that is not the original one the 
manometer was design for, some corrections need to be applied in order to considered the 
density of the fluids inside the manometer. [18]  
The equation for the pressure in the manometer then becomes 




Where ∆𝑙𝑟𝑒𝑎𝑑 is the actual displacement of the fluid in the manometer tube, 𝜌𝑤𝑎𝑡𝑒𝑟 is the density 
of water, 𝑔 is the gravitational acceleration, 𝛼 is the inclination angle of the manometer tube, 
𝜌𝑚and 𝜌𝑚
∗  represent the density of the fluids inside the manometer which are known, and their 
ratio corresponds to the correction factor.  
The pressure transducer was connected in one side to the manometer and the other side was open 
to the atmosphere. The displacement of the liquid inside the manometer was gradually increased 
to produce a known pressure while the voltage output of the transducer was recorded.  




Figure 10. Pressure transducer calibration factor 
 
As it seen in this figure, the calibration factor for the pressure transducer is 0.042 and the y-
intercept (0.01567) corresponds to the DC offset. Now that the calibration is obtained, the Pitot 
tube can be mounted in the wind tunnel to find the velocity in of the free stream flow. The 
voltage output signal from the pressure transducer is converted into pressure, which corresponds 









Figure 11. Curve of velocity measured with the Pitot tube 
 
The velocity measured with the Pitot tube is compared with the expected velocity according to 
the variable frequency driver of the fan. The results are shown in table 2 where we can see that 
the free stream velocity in the wind tunnel that was measured with the Pitot tube experiment is in 
good agreement with the expected velocity from the variable frequency driver. A maximum of 
14.2% difference is obtained at 0.9 m/s. However, this difference becomes smaller as the 
velocity is increased, being 1.36% at 11 m/s.  
Based on these results, the Pitot tube experiment will not be performed in every single 
experiment since the velocity shown by the variable frequency driver accurately represents the 
actual velocity in the working section of the wind tunnel. 
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Wind tunnel velocity (VFD) 
[m/s] 
Measured velocity (hot wire)              
[m/s] 
Difference                  
[%] 
0.000 0.000 0.000 
0.917 0.784 14.440 
1.833 1.704 7.055 
2.750 2.624 4.582 
3.667 3.527 3.809 
4.583 4.445 3.018 
5.500 5.372 2.327 
6.417 6.291 1.958 
7.333 7.203 1.777 
8.250 8.116 1.624 
9.167 9.022 1.578 
10.083 9.923 1.590 
11.000 10.820 1.636 
 
Table 2. Comparison of velocities in the working section of the wind tunnel 
 
4.4  Half cylinder cross-section tip body 
The energy harvester is mounted in the middle of the working section of the wind tunnel. This 
positioning of the harvester allows avoiding the presence of boundary layers from the walls of 
the wind tunnel that may affect its aerodynamic performance. As it was previously mentioned, 
the velocity is gradually increased and the voltage output at each velocity is recorded over a 
resistance 𝑅 = 10 MΩ. In order to eliminate any dynamic effect remaining from a previous 
velocity setting, recordings are not taken earlier than a minute after the flow velocity is set. The 




Figure 12. Shape of the voltage signal obtained from the PVDF. 
 
The maximum voltage output obtained at each different velocity is shown in Figure 13. In this 
figure we can see that the voltage output increases as the velocity is increased, which is expected 
due to the galloping effect on the energy harvester. However, it is also seen that the increment in 
voltage output is very small at higher velocities. The reason for this is that at high velocities the 
transverse tip deflection is very high compared to the beam length. Previous studies [19] have 
shown that for a cantilever generator under dynamic conditions when the transverse tip 
deflection exceeds a quarter of the cantilever length, geometric stiffening, inertial softening, and 
nonlinear damping effects become significant. Large deflections both shift the resonant 
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frequency and increase damping and can thus cause a significant reduction in output voltage 
when compare with small-deflection linear theory. 
 
Figure 13. Voltage output for the 13.6 grams half cylinder 
 
The most important parameter that will be used to determine the performance of the self-excited 
energy harvesters is the maximum power that can be obtained from the piezoelectric material. 
Since the resistance of the circuit is known and the voltage is experimentally obtained, the time 













Where 𝑉 is the voltage output from the piezoelectric material, 𝑅 is resistance, and 𝑇 is the total 
time used to record the voltage data. Figure 14 shows the results obtained in this case, where a 
maximum power of 𝑃 = 30 μW is obtained at 10 m/s. 
 
Figure 14. Power obtained with the 13.6 grams half cylinder 
 
4.4.1 Hot wire experiments 
The shedding frequency of the vortices from the bluff body plays is an important factor in the 
vibrational motion of the self-excited energy harvester. Vortex shedding at a frequency near the 
harmonic of the energy harvester will cause the structural oscillation that causes the strain at the 
base that will be converted in energy by the piezoelectric material. For this reason, an experiment 
using a hot wire is performed. The methodology consists on placing the hot wire at one of the 
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sides of the harvester in a region where the vortices are expected to develop. Since the hot wire is 
a thermal anemometer, the technique depends on the convective heat loss to the surrounding 
fluid from an electrically heated probe. If the fluid velocity varies, then the heat loss can be 
interpreted as a measure of that variable. The vortices shedding from the moving tip body 
induces turbulence in the flow and therefore changes in in the local velocity as they travel 
downstream in the wake region. The hot wire will be use in this case to sense the frequency of 
this change in velocity in the form of a voltage signal. The resulting signal from the hot wire 
comes in the form shows in Figure 15. 
 
  




In this figure it is possible to see that the voltage output from the hot wire has peaks that appear 
at a fixed period of time, which corresponds to the frequency at which the vortices hit the hot 
wire and hence represent the vortex shedding frequency. Since the hot wire was located at a 
fixed position while the tip-driven harvester is oscillating, the peaks correspond to the time 
where the tip body is near in front of the location of the hot wire. The flat region corresponds to 
the time where the tip body is in the opposite side and therefore the unperturbed free stream flow 
hits the hot wire. 
An expanded view of the voltage signal obtained from the hot wire (figure 15) is shown in figure 








Figure 16 (a) and (b). Expanded view of the structure of the hot wire voltage signal 
  
In this figure it is possible to see that that the signal is formed of small oscillations. The reason 
for this type of signal is that each single vortex being shed from the tip body is made up of 
several fluid layers that hit constantly the hot hire at different times. This non-uniform behavior 
of the flow is characteristic of the turbulent flow within the vortex which cases an irregular 
pattern in the signal obtained from the hot wire. 
The natural frequency of this half cylinder self-excited energy harvester was previously 
computed from the ring-down test to be 3.099 Hz. Figure 17 shows the spectrum of the data 





Figure 17. hot wire voltage output spectrum 
 
The spectrum of the voltage output from the piezoelectric patch is shown in figure 18. This data 
of the spectrum shows that the forcing frequency or motion frequency of the cantilevered beam 





Figure 18. PVDF voltage output spectrum 
 
The results obtained from the experiments with the hot wire are summarized in table 3.   
This table shows both the aerodynamic forcing or motion frequency and the vortex shedding 
frequency at different free stream velocities. It is possible to see in this table that the forcing 
frequency and the shedding frequency are the same at each velocity. This result indicates that the 
two frequencies are coupled generating the synchronous oscillating force that produces the 













1 3.147 3.147 
1.1 3.147 3.147 
1.2 3.147 3.147 
1.3 3.147 3.147 
1.4 3.147 3.147 
1.5 3.147 3.147 
1.6 3.147 3.147 
1.7 3.147 3.147 
1.7 3.147 3.147 
1.8 3.147 3.147 
2.8 3.147 3.147 
3.7 3.147 3.147 
4.6 3.147 3.147 
5.5 3.147 3.147 
6.4 3.052 3.052 
7.3 3.052 3.052 
8.3 3.052 3.052 
9.2 2.956 2.956 
10.1 2.956 2.956 
11 2.861 2.861 
 
Table 3. Aerodynamic forcing frequency and vortex shedding frequency 
 
Pure resonance would occur at the natural frequency of the system (𝐹𝑁 = 3.099 Hz). However, 
as seen in table 3, the shedding frequency and forcing frequency are coupled at a slightly higher 
frequency. Change in the aerodynamic forcing frequency depending on the motion and 
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dimensions of the structure and the deviation of the coupled frequency form the harmonic 
frequency are clear evidences of an aeroelastic coupling between the flow field and the structure.  
According to the results shown in table 3, the coupling frequency decreases at velocities higher 
that 5.5 m/s. This coupling frequency gets even lower at the highest velocities. This behavior 
explains the small increment in voltage seen in figure 13.  
As it was explained previously, this reduction in the forcing and shedding frequency is due to the 
nonlinear behavior of the beam caused for the increased transverse tip deflection compared to the 
beam length. 
 
4.4.2 Effect of the tip mass 
Another important parameter that influences the performance of the energy harvester is the mass 
of the tip body. For this reason another experiment is carried out with the objective of increase 
the tip mass of the harvester and compute the voltage output and average power at each case for 
different free stream velocities. A new hollow half cylinder with the same dimensions was 
created with the only difference of having lower mass than the half cylinder previously used. To 
facilitate the comparison of results, the top cover of this half cylinder can be removed for mass to 
be added into the system. This way, the same beam and piezoelectric patch are used to keep the 
same stiffness and same piezoelectric coupling constant from one experiment to the other.  
Three different tip masses are tested in this experiment. The first case corresponds to the original 
weight of the new half cylinder (10.8 grams). In the second case 5 grams are added for a total 
weight of 15.8 grams and another 5 grams for the last case which corresponds to 20.8 grams. 
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Prior to performing the experiments, a ring down test is done for each different tip mass energy 
harvester with the objective of obtaining the natural frequency of each system. The results 
obtained in this case are shown in table 4 
 
Half Cylinder Tip 
Mass [gr] 






Table 4. Natural frequency of the half cylinder 
 
In this table it can be seen that the natural frequency of the system decreases as the tip mass 
increases. Therefore, the energy harvester with higher tip mass is expected to move slower 
compared to the one with lower tip mass.   
The voltage output from these three cases is shown in the same plot in figure 19. In this figure it 
is possible to see that the harvester with the lowest tip mass produces the maximum voltage 
output. At lower free stream velocities the harvesters have a similar behavior, being the cut-in 
velocity of the lighter half cylinder slight smaller than the others. As the velocity increases the 
voltage output is smaller for the cases with higher tip mass. The reason for this behavior is that 
the direct energy input of an aeroelastic energy harvester is due to the aerodynamic force, which 
is purely dependent on the aerodynamic properties of the bluff body and hence is independent on 
the mass. However, a larger effective mass increases the inertia of the system and induces more 
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difficulty in exciting the harvester [11] which is reflected in the lower voltage output with 
increasing tip mass.  
 
Figure 19. Effect of the tip mass in the voltage output of the half cylinder 
 
The effect of the variation of the tip mass is also analyzed in terms of the average power 
generated. The results obtained are shown in figure 20 where the maximum average power is 
obtained with the lighter half cylinder tip body. With 10.8 grams the maximum average power 
obtained is 𝑃 = 41 μW at 9 m/s, while with 15.8 grams tip mass the maximum power is 𝑃 =
32 μW at 7 m/s, and 𝑃 = 28 μW at 6.5 m/s for the 20.8 grams case. The maximum average 




Figure 20. Effect of the tip mass in the power generated with the half cylinder 
 
4.4.3 Effect of free stream turbulence in the flow 
The experiments previously shown were performed under steady and uniform flow conditions 
where the velocity of the free stream flow had the same magnitude and direction upstream of the 
energy harvester. The current section attempts to investigate the influence of free-stream 
turbulence intensity on the aerodynamic performance of the energy harvester. This is achieved 
by creating turbulent winds using a grid in the wind tunnel. The grid turbulence generator is 
made of aluminum bars with forming a 2-inch by 2-inch grid size and is placed at the inlet of the 
working section of the wind tunnel.  
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Two different types of experiments are performed using the 20.8 grams tip mass half cylinder 
energy harvester. The first case consists in fixing the free stream flow velocity and changing the 
position of the energy harvester along the working section of the wind tunnel. The second case 
corresponds to a fixed position of the energy harvester and increments in the free stream 
velocity.  
The main objective is to analyze the effect of turbulent flows in the energy harvester and the 
galloping instability present. 
 
4.4.3.1 Variable position along the wind tunnel 
The position of the energy harvester will be varied starting from very close to the turbulence grid 
until far away along the working section of the wind tunnel.  
The distance from the turbulence grid is measure and quantified by the non-dimensional distance 
defined as follows 




Where 𝑥 is the actual distance from the grid in meters and 𝑚 is the size of the grid mesh, in this 
case 0.0508 meters. The experiment is performed at a constant velocity of 2.5 m/s.  






Figure 21. Voltage output as the half cylinder is moved away from the grid 
 
In this figure we can see that turbulent flow has a negative effect and totally destroys the 
vibrational motion of the harvester when it is very close to the turbulence grid. The effect 
becomes less significant as the harvester is moved further from the grid.  
According with the results shown in figure 16 the maximum voltage obtained with the 20.gr tip 
mass at 2.5 m/s without the turbulence grid is 14.36 Volts. In figure 17 the maximum power 
obtained with the turbulence grid is 14.01 Volts at the furthest location from the grid.  
The voltage output is very similar for both cases with and without turbulence grid; however, the 
voltage output from the harvester in uniform flow is slightly higher than in turbulent flow. 
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4.4.3.2 Fixed position in the wind tunnel 
In this section, the position of the energy harvester with 20.8 grams tip mass is kept fixed while 
the free stream velocity is increased. Two different positions were tested. The first position is 2 
meters away from the turbulence grid (𝑥/𝑚 = 40) and 4 meters away from the grid (𝑥/𝑚 = 80). 
The results obtained are shown in figure 22 where the results obtained without the turbulence 
grid are included for comparative purposes. This comparison is possible because the fluid flow is 
uniform along the working section of the wind tunnel when turbulence grid is not implemented 
the voltage output from the energy harvester is not expected to be affected by its position.  
 




In this figure it is clear that the voltage output from the energy harvester is almost the same when 
the turbulence grid is used when compared to the case with uniform flow. Based upon this, the 
performance of the half-cylinder cross section shape is not significantly affected by the presence 
of turbulence in the flow. 
4.5 Square cross-section tip body 
In order to analyze the behavior of a different non-circular cross section body, a tip body with a 
square shape was built in the same conditions as for the previous case and with the same width 
for comparative purposes. The first square shape tested built has a tip mass that is adjusted to be 
15.8 gr. The experiment was performed using the same procedure as for the half cylinder and the 
results obtained are shown in figure 23. 
 
Figure 23. Voltage output from the square shape 
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As it can be seen in this figure, the voltage output follows the same behavior as for the half 
cylinder case. This behavior is characteristic of the presence of the galloping instability in which 
the amplitude of the tip displacement increases as the free stream velocity increases. Since the 
main point of interest is the average power that can be obtained from the piezoelectric patch it is 
computed and shown in figure 24, where the maximum power obtained is 𝑃 = 6 μW at a free 
stream velocity of 8 m/s. 
 
Figure 24. Power output from the square shape 
 
4.5.1 Effect of tip mass 
The effect of the tip mass in the performance of the energy harvester with the square cross 
section tip body is analyzed in this section. For this purpose, the tip mass of the square body was 
49 
 
increased by 5 grams. As it was done in the previous section, a ring-down test was performed to 
compute the natural frequency of the system, the results obtained are shown in table 5. 
 
Square shape Tip Mass         
[gr] 





Table 5. Natural frequency of the square body shape energy harvester 
 
The results obtained from the experiment with the two different tip masses are shown together in 
figure 25. 
 
Figure 25. Effect of the tip mass in the voltage output of the square shape 
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As it can be seen in this picture, at velocities below 3.5 m/s the voltage output behaves almost 
the same for both cases. However, as the velocity increases from this value the voltage output 
starts decreasing for the case with the higher mass. When the mass is increased by 5 grams, 
which represents an increment of 32%, the voltage output decreases 9% at a free stream velocity 
of 11 m/s.  
The average power output obtained with the two different tip masses is shown in figure 26. With 
15.8 grams the maximum average power obtained is 𝑃 = 6 μW at 8 m/s, while with 15.8 grams 
tip mass the maximum power is 𝑃 = 5 μW at 7 m/s.  
 




4.5.2 Effect of free stream turbulent flow 
The objective of this section is to analyze the effect of turbulent flow on the aerodynamic 
performance of the energy harvester with a square cross section body.  
The experiments are performed using the same grid turbulence generator that was used for the 
half cylinder case placed in the inlet of the working section of the wind tunnel. Once again two 
different types of experiments are performed using the 20.8 grams square body.  
The first case consists of the fix free stream velocity and different positions of the harvester 
along the wind tunnel. In the second case the position of the harvester is fixed and the velocity is 
increased. 
 
4.5.2.1 Variable position along the wind tunnel 
The position of the energy harvester is varied starting from very close to the turbulence grid until 
far away along the working section of the wind tunnel.  





Figure 27. Voltage output as the square shape is moved away from the grid 
 
As it was seen in the case for the half cylinder, turbulent flow has a negative effect of the motion 
of the harvester when it is located very close to the grid, being the effect less significant as the 
energy harvester is located far apart from the grid. The maximum voltage obtained with the 20.8 
grams square tip body with a free stream velocity of 2.5 m/s without the turbulence grid is 5.372 
Volts. While the maximum power obtained with the turbulence grid is 5.207 Volts at the furthest 
location from the grid. The voltage output is very similar for the cases with and without 
turbulence grid; however, the voltage output from the harvester in uniform flow is slightly higher 
than with turbulent flow. 
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4.5.2.2 Fixed position in the wind tunnel 
Following the procedure used for the half cylinder, the position of the energy harvester with 20.8 
grams tip mass is kept fixed while the free stream velocity is increased. Two different positions 
were tested again. The first position is at 𝑥/𝑚 = 40 and the second position is at 𝑥/𝑚 = 80. The 
results obtained are shown in figure 28 where the results obtained without the turbulence grid are 
included for comparative purposes.  
 
Figure 28. Voltage output of the 20.8 grams square tip body with a fixed position from the 
turbulence grid 
 
As seen in the previous case, the voltage output from the energy harvester is almost the same 
when the turbulence grid is used compared to the case with uniform flow. Based on this, the 
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performance of the energy harvester when galloping is governing its motion is not significantly 
affected by the presence of turbulence in the flow. 
 
4.6 Comparison of results with the two energy harvester 
The two energy harvesters shown in the previous sections were created with the same 
dimensions and conditions so that the effects of the tip body shape on the performance of the 
harvester can be analyzed. Figure 29 shows the maximum voltage output obtained from the 
piezoelectric patches of the energy harvesters with half cylinder and square cross section. 
 




In this figure we can see that the maximum voltage output obtained with the half cylinder tip 
body is around twice the maximum voltage from the square tip body. Since the main point of 
interest is the power obtained, the results are shown in figure 30. Here it is possible to see that 
the maximum power is achieved in both cases with the lighter tip body mass. The maximum 
average power obtained with the half cylinder is 𝑃 = 32 μW at 7 m/s. In the case of the square 
the maximum average power obtained is 𝑃 = 6 μW at the same velocity. The difference between 
this values shows that with the half cylinder cross section tip body is possible to obtain around 5 
times more power than with the square tip body under the same conditions, which make the half 
cylinder a more efficient shape for an energy harvester of non-circular cross section which are 
based on galloping. 
 
Figure 30. Effect of the tip body shape on the power generated 
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4.7 Effect of a beam stiffener 
The objective of this section is to analyze a method proposed by Zhao and Yang [20] to enhance 
the power generation capability of an aeroelastic energy harvester. The method consists in 
attaching a beam stiffener to the substrate of the harvester, which works as an electromechanical 
coupling magnifier. The principle is to magnify the slope of the mode shape of the harvester at 
the edge of the transducer to amplify the electromechanical coupling. At the same time, 
stiffening the beam section causes redistribution of the strain energy induced by aerodynamic 
force. The strain energy in the substrate beside the transducer is redistributed to the transducer 
when it is stiffened, thus boosting the available transferred energy.  
To validate this methodology, two aluminum stiffeners with different lengths were created. They 
are attached to the beam right at the edge of the transducer as shown in figure 31 and their 
dimensions and characteristics are shown in table 6. 
 
Figure 31. Half cylinder with a 55 mm beam stiffener 
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Parameters Beam stiffener 
Length, lst [mm] 55, 110 
Width, bst [mm] 50 
Thickness, hst [mm] 0.635 
Mass, mst [gr] 21.8, 43.6 
Young's modulus, Yst [Gpa] 73.1 
 
Table 6. Characteristics of the beam stiffener 
 
As it was seen in the results of the previous sections, increasing the tip mass of the energy 
harvester results in a reduced power output. However, in [20] was found that this is different for 
the case of a vibrating energy harvester with base excitation. The output power of the harvester is 
enlarged by an increased effective mass because the direct excitation source of the harvester is its 
own inertia. Nevertheless, it applies up to a certain limit since a larger effective mass also 
induces more difficulty for the aerodynamic force to excite the harvester. 
According to the results in the previous section, the tip body shape that generates the higher 
power is the half cylinder. For this reason it is the body shape chosen to analyze the effect of the 
beam stiffener. In addition, the 20.8 grams tip mass will be used since it has larger effective mass 
and according to what was mentioned before, it may have a positive impact in the power 
generation. The experiments are performed under the same conditions as for the previous cases, 
in which the energy harvester has a fixed location in the working section of the wind tunnel and 
the free stream velocity is increased. Before performing the experiments in the wind tunnel, a 
ring-down test was performed to obtain the natural frequency of the system. The results are 
shown in table 7 together with the natural frequency of the system when no stiffener is used. 
58 
 
Stiffener Length                
[mm] 






Table 7. Natural frequency of the harvester with a beam stiffener 
 
The results obtained with the two different stiffeners and the beam without stiffeners are shown 
in figure 32. 
  




In this figure we can see that the voltage output increases with the stiffener, being the highest 
with the longest stiffener tested. The maximum voltage obtained without the stiffener is 𝑉 =
23.89 V, with the 55 mm stiffener is 𝑉 = 29.15 V which represents an increment of 22%. In the 
case of the 110 mm stiffener the maximum voltage is 𝑉 = 32.99 V, which represents 38% 
increase in voltage output compared to the case without stiffener. 
During the experiments with the stiffeners it was seen that at low velocities there is a small 
motion that corresponds to the presence of resonance. It is also seen that the cut-in velocity of the 
energy harvesters become a little higher when the stiffeners are implemented. This is due to the 
higher amount of mass which requires flows with more energy to induce the motion. The average 
power obtained at each case is shown in figure 33.  
 
Figure 33. Power generated with the half cylinder with a beam stiffener 
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In this figure it is possible to see that as expected from figure 32, the average power generated is 
also higher when the stiffeners are implemented. The maximum power obtained without the 
stiffener is 𝑃 = 28 μW at 6.5 m/s while the maximum power with the 55 mm stiffener is 
𝑃 = 40 μW at 7 m/s. The increment in power corresponds to 43%. In the case of the 110 mm 
stiffener, the maximum power obtained is 𝑃 = 56 μW at 8 m/s. In this case the increment of 
















 An experimental study was conducted to analyze the performance of self-excited energy 
harvester with tip bodies of half cylinder and square cross section shapes. Piezoelectric 
patches (PVDF) were attached to the base of the beam to record the voltage output as a result 
of the strain in this location. Power generated was computed from the voltage signal and was 
the key factor used to evaluate the performance of the harvesters under different conditions. 
 
 It was observed that the bonding of the piezoelectric patch to the beam has a significant 
influence in its piezoelectric coupling coefficient and therefore in the voltage output. It was 
found that the piezoelectric coupling coefficient of the PVDF used in one of the experiments 
decreased by 31.45% compared to the maximum value for this piezoelectric material. 
 
 The experimental results showed that the voltage output of the piezoelectric patch increases 
as the velocity is increased, which confirms that galloping instability is governing the motion 
of the energy harvester. However, at the highest velocities tested the voltage stabilizes and 
reaches a constant value. The reason for this is the effect of the large transverse tip deflection 
compared to the beam length. It was verified that the large tip deflection causes geometric 
stiffening, inertial softening, and nonlinear damping effects to become significant. As a result 
of this, the resonant frequency is shifted causing a significant reduction in output voltage 




 The experiments with the hot wire showed that the frequency of the motion and the vortex 
shedding frequency are the same at each velocity tested. This is clear evidence of an 
aeroelastic coupling between the flow field and the structure which generates the 
synchronous oscillating force that produces the motion of the system. In addition, this 
reflects that the system has a large “lock-in” region compared to vortex induced vibrations 
based systems, which verifies the presence of galloping instability in the motion of these 
non-circular tip driven systems. 
 
 The effect of the tip mass was also studied in the half cylinder and square cross section shape 
tip bodies. It was found that in both cases as the mass increases the natural frequency of the 
system decreases, which means slower motion of the harvester and less transversal tip 
displacement. The final consequence of this, is a drastic reduction of the voltage output and 
power generated as the tip mass of the harvester is increased. 
 
 The effect of free stream turbulence was also studied for the half cylinder and square tip body 
shapes. It was found that in both cases turbulence has a significant effect in the motion of the 
harvester when this one is located very close to the turbulence grid where turbulence is 
highly anisotropic. As the harvester is moved farther from the grid the effect becomes less 
significant. The voltage output reduction due to the effect of turbulent flow in the free stream 




 As for the effect of the tip body shape, it was found that the half cylinder has better 
performance than the square tip body shape. At the same tip body mass, it was found that the 
half cylinder shape produces 5.3 times more power than the square. 
 
 An aluminum beam stiffener was also attached to the beam right after the piezoelectric patch 
to study the effect of localized stiffness. This experiment was carried out using the half 
cylinder tip body shapes since offers better power generation. The heaviest tip body mass 
was also chosen since in this case the effective mass has a positive effect in the power 
generation according to previous studies. It was seen that with a 110 mm stiffener the power 
generated was twice the power of the beam without stiffener. The 55 mm stiffener increased 
the power generated by 43%. The cases with the stiffeners showed the highest power output 
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